Plasmonic nanoparticles have been proved to be highly effective in improving the performance of diverse solar cells, including organic solar cells, 1,2 dye sensitized solar cells, 3 crystalline silicon solar cells, [4] [5] [6] and silicon thin-film solar cells. [7] [8] [9] The reported enhancement mechanism is mainly the photocurrent improvement induced by the plasmonic resonant scattering associated with comparatively large nanoparticles (100 nm). 10 Although the plasmonic near-field light concentration has been theoretically predicted to be able to dramatically increase the charge-carrier generation in solar cells, [11] [12] [13] [14] [15] experimental demonstration is greatly limited. 1 The challenges mainly lie in two aspects. First, the near-field light concentration is always accompanied by strong ohmic loss from the nanoparticles, which is dissipated as heat. To solve this problem the nanoparticles need to be designed to possess the highest localized field enhancement much exceeding the absorption loss from the particles themselves. Second, to fully utilize the large field concentration, the nanoparticles should be placed in the close vicinity of the photoactive layer, where the electron-hole pairs are generated. This often means that the nanoparticles need to be on the front surface or embedded in the active layer of the solar cells, which could lead to severe light blockage loss. In this paper, we propose to harness the plasmonic nearfield light concentration in amorphous silicon (a-Si) solar cells by using ultra-small gold nanoparticles of a few nanometers placed on the front side of the solar cells between the textured transparent conductive oxide (TCO) glass and the silicon layer. Because of the ultra-high localization, the nanoparticles possess strong field enhancement much exceeding the particle absorption loss. In the meantime the small particle size and the low surface coverage do not cause a significant light blockage loss even when the particles are on the front side of the solar cell close to the active layer.
Consequently, broadband (from 350 to 800 nm) solar cell absorption enhancement is demonstrated, which is a challenge to achieve with rear located particles because light at the shorter wavelength region cannot penetrate the solar cell and reach the nanoparticles effectively. 9, 16, 17 At optimized particle size and surface coverage (SC), a maximum short circuit current (J sc ) enhancement of 14.1% is achieved. In addition to the photocurrent enhancement, the fill factor (FF) of the optimized cell is increased by 12.3% contributing to the final efficiency improvement of 33%.
The ultra-small gold nanoparticles were made by the simple thermal evaporation method. To control the particle size to be a few nanometers, gold films with sub-nanometer to a few nanometer thicknesses need to be deposited first. By carefully controlling the deposition speed, ultra-small nanoparticles with different sizes and SCs can be formed. In our experiment we deposited five different thicknesses, which are 0.3 nm, 0.6 nm, 0.8 nm, 1 nm, and 1.8 nm, respectively. Figs. 1(a)-1(c) show the SEM images of selected Au nanoparticles uniformly deposited on the surface of the ZnO:Al layer which is coated on glass. It can be observed that the sizes and SCs of the nanoparticles increase with increased film thickness. The mean sizes are approximately 7 nm (62 nm) with 27% SC, 10 nm (62.5 nm) with 49.7% SC, and 14 nm (63 nm) with 84.2% SC for films with 0.6 nm, 1.0 nm, and 1.8 nm thicknesses, respectively.
The transmittance curves of the ZnO:Al glass integrated with gold nanoparticles of five different sizes measured with a spectrometer (Perkin Elmer, Lambda 1050) are shown in Fig. 1(d) . From the transmittance curves, we can see that the localized surface plasmonic resonance (LSPR) peaks (corresponding to the dip in the transmittance) of Au nanoparticles redshift from 550 nm to 650 nm with increased thicknesses from 0.6 nm to 1.8 nm mainly because of the increase in particles size. For larger particle size and higher SCs of Au nanoparticles, the particle absorption becomes so strong that the light transmittance is reduced.
To examine the influence of the ultra-small nanoparticles on the solar cells, a-Si layers with an overall thickness of 260 nm were deposited by the plasma enhanced chemical vapor deposition (PECVD) method on top of the nanoparticle a)
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integrated TCO glass as shown in Fig. 2 . At last a ZnO:Al layer with 100 nm in thickness and an Ag back reflector layer with 180 nm in thickness was deposited. The standard current density-voltage (I-V, Oriel Sol 3ATM class AAA, model 94023 A) and external quantum efficiency (EQE, PV Measurements, Inc., Model QEX10) measurements were used to characterize the solar cells.
It is clearly shown in Fig. 1(d) that as the size and SC of the nanoparticles become too large, the particle absorption loss becomes non-ignorable, which leads to reduced photocurrent generation. However, FF is expected to increase due to the reduced contact resistance between the TCO glass and the a-Si layer. Therefore, there exists an optimized condition for the best values of J sc and FF. To find this condition, we plot the normalized values of J sc and FF, the open circuit voltage (V oc ), and efficiency of the solar cells integrated with ultra-small Au nanoparticles to the reference cells as a function of the film thickness as shown in Fig. 3 .
It can be seen from Fig. 3(a) that the FF enhancement increases steadily with increased Au film thickness as expected. In the meantime J sc and V oc enhancement decreases with increased Au film thickness except for the thicknesses of 0.5 nm and 0.6 nm. For a 0.3 nm Au film an enhancement of 7% in J sc is observed. When the thickness of the Au film increases to 0.6 nm, a peak enhancement in J sc of 14.1% is achieved. When the thickness is further increased, both the SC and the particle size become larger, which leads to the increased particle absorption loss overweighting the plasmonic near-field enhancement. Therefore J sc starts to reduce. So there is a competing process between the plasmonic near-field enhancement, which leads to the solar cell absorption enhancement, and the absorption loss by the Au nanoparticles, which reduces the light absorption by the a-Si solar cells.
From Fig. 3(a) , we can easily identify that the optimized film thickness to achieve the best solar cell efficiency enhancement is 0.6 nm. Under such a circumstance, J sc is improved from 12. 
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Cai et al. Appl. Phys. Lett. 102, 093107 (2013) contact to the a-Si than the TCO electrode. 18 The measured series resistance of the optimized solar cell with Au nanoparticles is 12.8 X compared with 17.1 X without the Au nanoparticles. To further analyze the mechanism of the enhancement, we measured the spectral response (EQE) of the solar cell with the best enhancement, as shown in Fig. 3(b) .
For a-Si solar cells, the largest value of EQE is around 550 nm, which is in accordance with the resonance peak of the Au nanoparticles shown in Fig. 1(b) . From the SEM image in Fig. 1(a) , the sizes of the 0.6 nm thick Au nanoparticles are less than 10 nm in diameter. So the plasmonic scattering effect can be ignored under such a situation. We believe the increase in J sc is mainly owing to the plasmonic near-field enhancement of the Au nanoparticles, which makes more light absorbed by the photoactive layer. The light is strongly concentrated due to the localized surface plasmon resonance of Au nanoparticles, which increases the light absorption of the a-Si near the Au nanoparticles. In addition, the carrier mobility is increased due to the more conductive metallic nanoparticles than the TCO materials, 19 which may also lead to a broadband enhancement in the EQE curve.
To further confirm that the origin of the enhancement is due to the plasmonic near-field concentration, we calculated the near-field light intensity distributions of a 10 nm Au nanoparticle on the ZnO:Al substrate, which mimic the same condition on experiment, under different wavelength light illumination as shown in Fig. 4 . In our simulation, the light incident direction is -Z. It can be seen that the light intensity around the Au nanoparticles is enhanced as high as 25 folds at 580 nm wavelength, red-shifting from 530 nm in vacuum to 580 nm when Au particle is placed on the ZnO:Al substrate. The near field enhancement is around 10 folds at other wavelengths.
In summary, we have demonstrated that tailored ultrasmall gold nanoparticles on the front side of solar cells are a simple solution that can effectively harness strong near-field enhancement leading to significant performance improvement of a-Si solar cells. Both the short circuit current and the fill factor can be optimized. These findings offer a new approach to achieve a plasmonic near-field enhancement.
